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Binding-induced backbone and large-scale confor-
mational changes represent one of the major chal-
lenges in the modeling of biomolecular complexes
by docking. To address this challenge, we have
developed a flexible multidomain docking protocol
that follows a ‘‘divide-and-conquer’’ approach to
model both large-scale domain motions and small-
tomedium-scale interfacial rearrangements: the flex-
ible binding partner is treated as an assembly of
subparts/domains that are docked simultaneously
making use of HADDOCK’s multidomain docking
ability. For this, the flexiblemolecules are cut at hinge
regions predicted using an elastic network model.
The performance of this approach is demonstrated
on a benchmark covering an unprecedented range
of conformational changes of 1.5 to 19.5 A˚. We
show from a statistical survey of known complexes
that the cumulative sum of eigenvalues obtained
from the elastic network has some predictive power
to indicate the extent of the conformational change
to be expected.
INTRODUCTION
Proteins play a vital role in all kinds of biological processes
through their complex interactions with other biomolecules and
small ligands. Revealing all the functional steps in the lifetime
of a protein requires 3D atomic-level information about the
complexes it forms. This information can be obtained from clas-
sical experimental techniques such as X-ray crystallography
and NMR, although, considering the enormous number of
complexes, the need for accurate and complementary computa-
tional methods like docking is evident (Bonvin, 2006; Lensink
and Mendez, 2008; Moreira et al., 2010; Pons et al., 2010;
Ritchie, 2008; Zacharias, 2010). Docking is defined as the
modeling of the structure of a complex (the bound conformation)
starting from the free forms (unbound conformations) of the inter-
action partners. This becomes an extremely challenging task
when the conformation of a protein changes significantly upon
complex formation (Andrusier et al., 2008; Bonvin, 2006; Lensink
and Mendez, 2008; Zacharias, 2010).Structure 19,Various mechanisms have been proposed over the years to
describe the binding process and its associated conformational
changes. Fischer suggested that the active sites of the interact-
ing molecules are complementary to each other, obeying a lock-
and-key mechanism (Fischer, 1894). Koshland extended this
model by proposing that the binding follows an induced fit rule,
where the molecules adopt different conformations in order to
fit into the active site of their interaction partner (Koshland,
1958). Later on, Kumar et al. reevaluated this issue from a statis-
tical mechanics point of view and proposed the conformational
selection model (Kumar et al., 2000): the native state of a protein
exists in an ensemble of conformations sampling various states
and environmental effects shift the equilibrium toward the bound
conformation. Subsequent to this hypothesis, Grunberg et al.
(2006) provided a consensus model, treating the concept of
recognition and binding as two different processes with confor-
mational selection at the basis of the recognition process, start-
ing with the formation of an encounter complex.
Conformational changes occurring upon binding can be clas-
sified into four categories: local rearrangements, collective
global motions, a mixture of the two, and binding-induced
folding events. Local changes cover loop rearrangements
(Andrusier et al., 2008), secondary structure element alterations
and motions, etc. Global changes refer to large-scale domain
motions like hinge and shear (Andrusier et al., 2008; Gerstein
and Krebs, 1998; Gerstein and Echols, 2004). Binding-induced
folding events are observed in specific recognition when the
folding of one of (partially) unfolded partner occurs only upon
binding (Bonvin, 2006; Mittag et al., 2010; Zacharias, 2010).
Various strategies have been followed tomodel these different
types of conformational changes (Andrusier et al., 2008; Bonvin,
2006; Lensink and Mendez, 2008; Moreira et al., 2010; Zacha-
rias, 2010). For the lock-and-key cases, namely, when shape
complementarily drives the interaction, rigid body algorithms
(e.g., geometric hashing [Bachar et al., 1993] and Fast Fourier
Transform [Katchalski-Katzir et al., 1992]) provide fast and accu-
rate solutions. Small- to medium-scale backbone conforma-
tional changes (in the range of 1–2 A˚) can be modeled through
algorithms that address the induced fit mechanism (mostly
based on Molecular Dynamics and Monte Carlo simulations
(Dominguez et al., 2003; Gray et al., 2003)). For some types of
conformational changes, e.g., loop rearrangements or allosteric
effects, this may not provide satisfactory results. Under such
conditions, docking can be started from ensembles of structures
(coming from NMR, Molecular Dynamics or Monte Carlo Simula-
tions, Normal Mode Analysis, graph theoretic approaches .),555–565, April 13, 2011 ª2011 Elsevier Ltd All rights reserved 555
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A Multidomain Flexible Docking Approachfollowing thus the conformational selection model (Chaudhury
and Gray, 2008; Dominguez et al., 2003; Krol et al., 2007). As
an alternative method, a multicopy mean-field approach
(Bastard et al., 2003; May and Zacharias, 2007) can also be
used. The final class of algorithms is based on the consensus
binding model introduced by Grunberg et al. (2006): structures
are docked starting from an ensemble of conformations and
then refined allowing for small conformational changes to take
place (Chaudhury and Gray, 2008; Dominguez et al., 2003).
This class of algorithms can be useful if different types of confor-
mational changes are observed at the same time. Modeling of
the last class of conformational changes, namely, folding upon
binding should be considered separately from regular docking
as it requires incorporation of protein structure prediction within
the context of docking. As a first step to deal with this problem,
Baker’s group recently developed a fold-and-dock protocol
within Rosetta for modeling symmetric homo-oligomers (Das
et al., 2009).
All of the above-mentioned algorithms work reasonably well
for small- to medium-scale local conformational changes, but
they usually fail to model large loop rearrangements, secondary
structure changes, and collective domain motions where the
backbone rmsd of a protein changes by more than 2–3 A˚
(Bonvin, 2006; Dobbins et al., 2008; Lensink and Mendez,
2008). This is mainly due to the complexity of the conformational
space to be sampled and the difficulty of predicting a priori such
type of conformational changes (Bonvin, 2006; Dobbins et al.,
2008; Lensink and Mendez, 2008). Hybrid methodologies that
combine different approaches are thus needed in order to
address this problem. Until now five hybrid methods have
been proposed to model large-scale conformational changes:
ATTRACT (May and Zacharias, 2007, 2008), SwarmDock (Li
et al., 2010; Moal and Bates, 2010), multistage docking proce-
dure of MolFit (Ben-Zeev et al., 2005), FlexDock (Schneidman-
Duhovny et al., 2007), and fold-tree representation of Rosetta
(Wang et al., 2007). ATTRACT can incorporate soft harmonic
low frequency modes into the docking procedure and provide
fast relaxation/adaptation of the structure on a global scale
(May and Zacharias, 2008). SwarmDock also uses normal
modes in the docking procedure but, in contrast to ATTRACT,
it takes a linear combination of both low and high frequency
normal modes into account for addressing high-frequency
thermal motions occurring at the interface (Moal and Bates,
2010). MolFit treats the individual domains of the molecules as
soft rigid objects and then docks them in a sequential multistage
two-body docking protocol (Ben-Zeev et al., 2005). The method
of FlexDock exploits a similar methodology; it dissects the flex-
ible protein into rigid domains and performs a pairwise docking
of the separate domains using PatchDock (Schneidman-
Duhovny et al., 2005) followed by assembly of the resulting
models. In Rosetta, the protein is represented as a fold-tree,
which provides a mean for defining flexible regions between
centers of the rigid molecules and thus allowing domains to
move with respect to each other during rigid-body optimization
(Wang et al., 2007). Next to these docking approaches, there is
a recently published flexible refinement server, FiberDock con-
structed to deal with large conformational changes. FiberDock
deforms the backbone in the direction of the selected normal
modes (Mashiach et al., 2010). The normal mode selection is556 Structure 19, 555–565, April 13, 2011 ª2011 Elsevier Ltd All righbased on the correlation of that particular mode with the van
der Waals forces. All these approaches are quite promising,
but they also have some limitations, especially in treating interfa-
cial induced backbone and side-chain conformational changes
at the same time.
Our in-house docking software HADDOCK has already proved
its ability to deal with small- to medium-scale induced conforma-
tional changes by combining docking from ensembles of starting
structures with flexible refinement of both side chains and
backbone (de Vries et al., 2007, 2010; Dominguez et al., 2003).
Moreover, we have recently demonstrated HADDOCK’s ability
to deal with multiple molecules (>2) to build macromolecular
assemblies (Karaca et al., 2010). Here, we combine all these
aspectsandproposeastraightforwardandeasy-to-applydocking
protocol that can deal with large conformational changes while
accounting for local changes at the same time. Following a
‘‘divide-and-conquer’’ approach,our flexiblemultidomaindocking
(FMD) protocol within HADDOCK partitions the flexible molecule
into rigid bodies with connectivity restraints between them and
performs a simultaneous multibody docking of all components
(Karaca et al., 2010). The proteins are dissected into domains by
cutting them at hinge regions predicted from an Elastic Network
Model (Emekli et al., 2008). This allows modeling of global scale
changes at the rigid body docking stage. The resulting models
are subsequently subjected to a flexible refinement involving
both side chains and backbone motions to deal with small-
to medium-scale induced conformational changes. Our FMD
protocolwas testedagainst abenchmarkofelevenprotein-protein
complexes that are experiencing domain motions, spanning
a range of conformational changes from 1.5 A˚ to as much as
19.5 A˚. This new FMD protocol is shown to be an excellent
approach to model conformational changes as large as 19.5 A˚.
RESULTS
Benchmark Compilation
The FMD benchmark was compiled according to three major
criteria: (1) One of the partners should only undergo a small
conformational change, of less than 2.0 A˚, in order to decrease
the level of complexity, (2) the other partner should experience
conformational change emanating from hinge motions (ideally
from one hinge position) and the hinge motion should be func-
tionally involved in the binding process, (3) both the bound and
unbound conformations of the partners should be available.
Eleven protein-protein complexes were found that fit all the
above-mentioned requirements, except 1NPE, a former Critical
Assessment of Prediction of Interactions (CAPRI, Mendez
et al., 2003) target, with only the bound conformation of the
ligand available (Table 1). The other complexes were taken
from the Protein-Protein Docking Benchmark 4.0 (Hwang et al.,
2010), eight of which belonged to the difficult category. A vast
range of conformational changes is covered, from 1.5 to 19.5 A˚,
with 1IRA, 1H1V, 1Y64 1F6M, and 1FAK being particularly chal-
lenging (Table 1 and Figure 1).
The Workflow of Flexible Multidomain Docking
Dissecting Proteins into Domains
Hinges were predicted using the HingeProt server (Emekli
et al., 2008). They were then filtered to guarantee the structuralts reserved
Table 1. Selected Complexes for the Flexible Multidomain Docking Benchmark
Backbone Conformational
Change Range (A˚)
Complex ID Receptor IDa Ligand IDa Receptor Ligand
1IRAb (Schreuder et al., 1997) 1G0Y_R (Vigers et al., 2000) 1ILR_1 (Schreuder et al., 1995) 19.5 0.7
1H1Vb (Choe et al., 2002) 1D0N_B (Burtnick et al., 1997) 1IJJ_B (Bubb et al., 2002) 13.9 1.6
1Y64b (Otomo et al., 2005) 1UX5_A (Xu et al., 2004) 2FXU_A (Rizvi et al., 2006) 10.3 1.1
1F6Mb (Lennon et al., 2000) 1CL0_A (Lennon et al., 1999) 2TIR_A (Nikkola et al., 1993) 7.3 0.9
1FAKb (Zhang et al., 1999) 1QFK_HL (Pike et al., 1999) 1TFH_B (Huang et al., 1998) 6.0 1.0
1ZLIb (Arolas et al., 2005) 2JTO_A (Pantoja-Uceda et al., 2008) 1KWM_A (Barbosa Pereira
et al., 2002)
3.8 0.6
1E4Kb (Sondermann et al., 2000) 2DTQ_AB (Matsumiya et al., 2007) 1FNL_A (Zhang et al., 2000) 2.9 1.7
1IBRb (Vetter et al., 1999) 1F59_A (Bayliss et al., 2000) 1QG4_A (Kent et al., 1999) 2.9 1.1
1KKLb (Fieulaine et al., 2002) 1JB1_AB (Fieulaine et al., 2001) 2HPR (Liao and Herzberg, 1994) 2.6 0.5
1NPEc (Takagi et al., 2003) 1KLO_A (Stetefeld et al., 1996) 1NPE_A (Takagi et al., 2003) 1.8 —
1DFJb (Kobe and Deisenhofer, 1995) 2BNH_A (Kobe and Deisenhofer, 1996) 9RSA_B (Nachman et al., 1990) 1.5 0.7
a The PDB and chain ID’s are indicated as PDB ID_chain ID.
bDocking was performed starting from the unbound conformations of both receptor and ligand.
c For this particular protein, as the unbound conformation of the ligand was not available, the docking was performed from the unbound conformation
of the receptor and the bound conformation of the ligand.
Structure
A Multidomain Flexible Docking Approachintegrity and dissect the flexible molecule in as few components
as possible in order to maintain the compactness of the
expected solution. This filtering is based on the domain motions
study of Hayward in which hinges were found to bemore likely at
the termini of a helices, b sheets, and in loops that connect
domains, less likely in the center of interdomain a helices, and
not likely within b sheets (Hayward, 1999). In addition, we also
discarded hinge predictions close to N- and C-terminal residues,
as it is highly improbable that such residues can have a hinge-like
behavior. Subsequently, the monomer was cut at the first
peptide bond following the predicted hinge residue. Short expla-
nations for the basis of the hinge selection for each protein can
be found in Table 2.
Defining Ambiguous Interaction and Connectivity
Restraints
The Ambiguous Interaction Restraints (AIRs) were generated via
a new HADDOCK server interface especially built to allow fine-
tuning of restraints in the case of multidomain docking (http://
haddock.chem.uu.nl/services/GenTBL/) (de Vries et al., 2010):
(1) Restraints for the interface of the rigid molecule were kept
ambiguous for the distinct interfaces of the separated flexible
molecule, (2) No AIRs were defined between the separated
domains of the flexible molecule (see Figure 2). The AIRs were
defined based on interface residues identified from the crystal
structure of the complexes. By choosing an ideal definition of
the interface (but not of the contacts made) we focus on the
problem of dealing with conformational changes. This repre-
sents thus a best-case scenario. To maintain the connectivity
between the separated chains, two connectivity restraint files
consisting of an unambiguous distance restraint between the C
and N termini of the separated domains were prepared. The first
file was used during the rigid body energy minimization (it0) and
semiflexible refinement in torsion angle space (it1), to enforce
a chain separation of no more than 10 A˚ (upper distance
restraint). The second one was imposed during the final refine-Structure 19,ment in explicit solvent (water) in order to restore the connectivity
(to the real peptide distance, 1.3 A˚). As the N and C termini of the
cut domains are created artificially, they were kept uncharged.
Three residues on both sides of the separated domains were
defined as fully flexible to allow for more flexibility of the linker
region. All other HADDOCK parameters were left to their default
values. The summary of the workflow is illustrated in Figure 3.
Performance of Flexible Multidomain Docking
Both standard semiflexible two-body docking and the new FMD
protocol were applied to the benchmark for comparison. Two-
body docking could generate good solutions (two stars) for
1DFJ and 1NPE and acceptable ones (one star) for 1E4K and
1KKL. The best solutions were ranked at the top for the latter
three (Table 3). For the other cases, two-body docking failed
completely in generating any acceptable solutions. When the
new FMD protocol was applied, acceptable or better solutions
were obtained for each benchmark case (Table 3). The improve-
ment is impressive particularly for the seven cases (1IRA, 1H1V,
1Y64, 1F6M, 1FAK, 1ZLI, 1IBR) for which two-body docking was
failing: the best l-rmsd values of the top four challenging cases
decreased from 38.6 to 7.5 A˚ for 1IRA, from 31.1 to 9.6 A˚ for
1H1V, from 3.2 to 9.5 A˚ for 1Y64 and from 39.4 to 8.7 A˚ for
1F6M (note also the very high fraction of native contacts, Table
3). Besides providing acceptable-to-good solutions for all of
the cases, FMD-HADDOCK could rank them at the top using
the standard scoring scheme in HADDOCK consisting of
a weighted sum of van der Waals, electrostatic energies,
and an empirical desolvation term (Fernandez-Recio et al.,
2004) (HADDOCKscore = 1.0 Evdw + 0.2 Eelec + 1.0 Edesol). Further-
more, the quality of the models improved for 1E4K, 1KKL, 1NPE,
and 1DFJ, for which two-body docking already provided reason-
able solutions. 1E4K’s and 1KKL’s best models, ranked among
the top five, are now a two star (good) solution and 1NPE’s
top-ranking structure is almost a three star (high accuracy)555–565, April 13, 2011 ª2011 Elsevier Ltd All rights reserved 557
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Figure 1. Comparison of the Unbound and Bound Superimposed Conformations of the Receptors in our Benchmark
(A) 1IRA, (B) 1H1V, (C) 1Y64, (D) 1F6M, (E) 1FAK, (F) 1ZLI, (G) 1IBR, (H) 1E4K, (I) 1KKL, (J) 1NPE, (K) 1DFJ. For each case, the positional backbone rmsd between
the two forms is indicated. The figures were generated with Pymol (DeLano, 2002).
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A Multidomain Flexible Docking Approachprediction (with i-rmsd = 1.1 A˚ and Fnat = 0.95). For 1DFJ the
quality of the best model did not change much, but its rank
improved significantly from 116 to 5 (see Table 3). The best
predictions superimposed onto the reference crystal structures
are shown in Figure 4.
Within the standard HADDOCK protocol the final ranking of
solutions is based on cluster averages rather than individual
ranks. Each of the top-ranking clusters contained at least one
acceptable prediction, with an average Fnat of 0.44 for the worst
and of 0.82 for the best case (Table 4). This stresses the excellent
performance of our scoring scheme. We also analyzed the
number of acceptable or better structures generated during
each stage of the docking (Table 5). One can observe a clear
decrease in the number of acceptable solutions as a function
of the docking difficulty (related to the extent of the conforma-
tional changes). For the challenging cases, scoring becomes
even more critical since the fraction of good solutions within
the pool of sampled conformations decreases, as can be seen
in the case of 1Y64: For this complex, only one acceptable solu-
tion is generated after refinement; despite this, HADDOCK558 Structure 19, 555–565, April 13, 2011 ª2011 Elsevier Ltd All righranked it at the top (Table 3). For the other cases, the FMD
protocol provided a pool of near native predictions after each
refinement step (it1, water) (Table 5).
DISCUSSION
Docking has become a popular approach to model biomolecular
interactions. Current approaches are able to deal with small
side-chain and backbone alterations while dealing with large
conformational changes is still one of the major bottlenecks in
the field. Considering the various types of conformational
changes and the focus of existing docking approaches onmainly
dealing with rather local small changes, it is evident that new
developments are required to tackle modeling of large confor-
mational changes occurring upon binding.
Here, we have presented a straightforward and easy-to-apply
flexible multidomain docking protocol that can deal with large
collective backbone conformational changes by treating the
flexible partner as a collection of subdomains with connectivity
restraints between them. Our results have revealed that FMDts reserved
Table 2. List of Selected Hinges and the Basis of the Selection
Complex ID Receptor ID
Hinge Predictionsa
(selected hinge in boldface) Basis of the Selection
1IRA_Y 1G0Y_R 13,98,203,307 13 and 307 are at the N and C termini, respectively. 98 and 203 are
in a linker, but 203 is within a 10 residue longer linker than 98.
1H1V_G 1D0N_B 423,446,500,534,631 Only 534 and 631 are in a linker, where 631 is more flexible compared
with 534 according to experimentally determined b-factors.
1Y64_B 1UX5_A 1427,1403,1544,1647,1699 1403 is in a linker while the others are in a helices.
1F6M_A 1CL0_A 11,79,110,115,148,245,283,303 This protein is cut at two places. 115 and 245 are selected as probable
hinges, as they lie on a linker that connects two large domains.
1FAK_H 1QFK_L 83,89,130 130 is a C-terminal residue. Both 83 and 89 are in the same linker;
89 was selected arbitrarily.
1ZLI_B 2JTO_A 37 The only hinge prediction is selected.
1E4K_AB 2DTQ_AB 338,444(in chain A)
340(in chain B)
The receptor of this complex is a symmetrical homodimer (composed
of chain A andB). Except 444, which is at the C terminus, both predictions
point out the same regions in different chains, thus just one monomer is
cut at 340.
1IBR_B 1F59_A 116,237,322 All predictions are in the middle of a helices. Therefore 237 is selected,
as it corresponds to the center of mass of the receptor.
1KKL 1JB1_ABC 156,201,218,225,262,264,281,
285,286(2 times),291,307
The hinge prediction is run on chains A, AB, and ABC. The receptor is
a symmetric trimer, thus all the predictions are considered. The most
frequently predicted hinge regions are around 289-293 linker, in which
291 is located.
1NPE_B 1KLO_A 43,89,122 In the literature it was already stated that this protein is composed of
three modules, containing 4 disulphide bridges. Residue 122 forms
a disulphide bridge. Residue 43 separates the first module, while residue
89 is in the middle of the second module (Stetefeld et al., 1996).
1DFJ_I 2BNH_A 117,229,326 Residue 326 is in the middle of an a helix, residue 229 is completely in the
center of a barrel formed by a helices and b sheets and residue 117 is
in a linker.
a The hinge predictions were obtained with the HingeProt server (Emekli et al., 2008).
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A Multidomain Flexible Docking Approachoutperforms standard two-body docking especially in the cases
with conformational change range R3 A˚ (1IRA, 1H1V, 1Y64,
1F6M, 1FAK, 1ZLI), something that has never been demon-
strated before. Even in the case of smaller conformational
changes (<3 A˚) the FMD protocol improves in general both the
quality and ranking of the solutions upon two-body docking
(1E4K, 1IBR, 1KKL, 1NPE, 1DFJ). Interestingly two-body dock-
ing worked well for 1E4K but not for 1IBR, although both
receptors experience the same extent of conformational change
(2.9 A˚). Possible explanations for this could be that: (1) The
domain motion of 1E4K can be explained with only one hinge
while more than one are needed for 1IBR and (2) the interface
area of 1IBR is twice as large as that of 1E4K (1685 A˚2 against
810 A˚2). The performance of standard docking methods seems
to be affected not only by the amount of conformational changes
but also by their complexity and the extent of the interface to be
predicted.
Other factors that may affect the docking performance are the
size of the subdomains to be docked and the number of hinges at
which a receptor is cut. Our results revealed that FMD is robust
with respect to the size of the segments involved in docking. For
1Y64, 1ZLI, 1KKL, and 1NPE, one of the subdomains consists of
less than 50 residues while the others have larger domains.
Shorter segments are more prone to be flexible, thus making it
harder to model the correct binding mode. Also our protocol isStructure 19,performing well when more than one hinge is involved in the
domain motion as illustrated by the 1F6M case. FMD is quite
successful to model a wide range of conformational changes
(from 1.5 to 20 A˚), in cases when only two domains are involved.
It does not perform as well when the system complexity
increases like for example for the former CAPRI target, 1TLV
(Graille et al., 2005), which consists of a homodimer with each
monomer experiencing a large conformational change of
12.7 A˚ upon activation. In this case, a four-body docking failed
to generate any acceptable solution (best i-rmsd 6.2 A˚ and global
rmsd 10.3 A˚), where the multistage docking protocol of MolFit
(Ben-Zeev et al., 2005) could generate a model with a global
rmsd of 5.6 A˚.
Another parameter that affects the docking quality is the inter-
face information used to drive docking. In order to focus on our
ability to deal with conformational changes, we assumed in this
work perfect interface information; this is a best-case scenario
and one can therefore expect that the performance will depend
on the quality and reliability of the supplied data.We investigated
this aspect by using bioinformatics interface predictions ob-
tained from our in-house consensus predictor, CPORT, to drive
docking (http://haddock.chem.uu.nl/services/CPORT/) (de Vries
and Bonvin, 2011). We could only generate acceptable solutions
for 1FAK, 1ZLI and 1KKL (see Table S1 available online). This is
directly related to the specificity of the prediction (see Table S2).555–565, April 13, 2011 ª2011 Elsevier Ltd All rights reserved 559
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Figure 2. Schematic Representation of the Restraints Used in Dock-
ing (Ambiguous Interaction and Connectivity Restraints) and of the
Dissection of the Flexible Partner into Subdomains
Table 3. Comparison of Two-Body and Flexible Multidomain
Docking Results
Flexible Multidomain Docking
PDB ID Quality / Ranka i-rmsd (A˚) l-rmsd (A˚) Fnat Fnonnat
1IRA + / 1 3.9 7.5 0.55 0.61
1H1V + / 11 4.6 9.6 0.49 0.67
1Y64 + / 5 3.9 9.5 0.48 0.72
1F6M + / 1 3.5 8.7 0.69 0.58
1FAK
++ / 37 2.8 4.2 0.55 0.54
+ / 2 3.4 7.4 0.50 0.58
1ZLI ++ / 1 2.1 3.5 0.74 0.47
1E4K
++ / 5 2.3 4.0 0.70 0.47
+ / 1 2.8 6.0 0.62 0.52
1IBR ++ / 1 2.3 4.0 0.63 0.57
1KKL ++ / 1 2.2 4.9 0.67 0.59
1NPE
++ / 16 1.2 3.2 0.95 0.36
+ / 1 5.5 7.1 0.74 0.51
1DFJ
++ / 5 2.0 7.1 0.68 0.56
+ / 1 2.3 8.3 0.60 0.61
Two-Body Dockingb
PDB ID Quality / Rank i-rmsd (A˚) l-rmsd (A˚) Fnat Fnonnat
1IRA - / 1 17.5 38.6 0.04 0.94
1H1V - / 1 11.9 31.1 0.08 0.94
1Y64 - / 1 10.3 32.2 0.07 0.92
1F6M - / 1 14.1 39.4 0.00 1.00
1FAK - / 1 11.4 28.5 0.01 0.99
1ZLI - / 1 14.8 25.3 0.02 0.99
1E4K + / 1 4.1 9.8 0.58 0.58
1IBR - / 1 9.6 30.9 0.11 0.90
1KKL + / 1 3.1 12.3 0.56 0.60
1NPE ++ / 1 1.7 6.1 0.85 0.45
1DFJ
++ / 116 1.8 5.6 0.63 0.59
+ / 1 2.5 7.1 0.62 0.64
The quality is expressed according to CAPRI criteria (see Experimental
Procedures). The reported rank is the rank of the individual models prior
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A Multidomain Flexible Docking ApproachOnly for four cases (1FAK, 1ZLI, 1KKL, and 1DFJ), the specificity
of CPORT predictions was above 30% for both receptor and
ligand and for three of these acceptable to medium quality solu-
tions could be obtained. This is in line with what was observed in
systematic HADDOCK runs, where CPORT was used to drive
docking (de Vries and Bonvin, 2011).
In general, our FMD protocol could generate at least an
acceptable solution for each case, and even medium-quality
predictions for seven of them. The fraction of native contacts
for the best models was above 0.5 (the CAPRI threshold for
high quality predictions) for nine of them. The strength of FMD-
HADDOCK resides mainly in its ability to deal with large-scale
and small, induced conformational changes at the same time.
Our benchmark shares common cases with three other hybrid
methodologies (see Introduction): 1NPE and 1IBRwith FlexDock
(see Table 2 in Schneidman-Duhovny et al., 2007); 1DFJ and
1IBR with ATTRACT (see Table 5 in May and Zacharias, 2008)
and FiberDock (see Table 4 in Mashiach et al., 2010). Comparing
the best l-rmsds for 1IBR, FlexDock, FiberDock and FMD
produce similar somewhat better results than ATTRACT. FMD
however outperforms FlexDock in scoring. A similar situation isFigure 3. Workflow of Flexible Multidomain Docking in HADDOCK
to clustering. See also Tables S1–S3.
a The ranking is based on the HADDOCK score: 1.0 Evdw + 0.2 Eelec +
1.0 Edesol (see Results).
bWhen no acceptable solution is generated, the values for the top ranked
structure are reported.
560 Structure 19, 555–565, April 13, 2011 ª2011 Elsevier Ltd All righobserved for 1NPE. In the case of 1DFJ FMD, FiberDock and
ATTRACT perform well in both sampling and scoring, although
FiberDock’s best model has a better l-rmsd.
The excellent performance of the new FMD-HADDOCK
protocol represents already a major step in dealing with large
conformational changes occurring upon binding. One question,
however, remains: How can we predict which type of conforma-
tional change should be expected upon binding so that one can
choose the best suited method? Dobbins et al. (2008) pointed
out that Normal Mode Analysis can provide some discrimination
among the various types of conformational changes. They stated
that the slowest mode of a protein experiencing significant
conformational changes (Ca-rmsd > 2.0 A˚) has a 2.5 times lowerts reserved
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Figure 4. View of the Best HADDOCK Solutions Superimposed onto the Respective Reference Crystal Structures
The docked complexes are shown in magenta (ligand) and blue (receptor) and the reference crystal structure (only the receptor is shown) in gray: (A) 1IRA, (B)
1H1V, (C) 1Y64, (D) 1F6M, (E) 1FAK, (F) 1ZLI, (G) 1IBR, (H) 1E4K, (I) 1KKL, (J) 1NPE, (K) 1DFJ. The quality of the models is indicated as: number of stars / interface
rmsd (in A˚) / fraction of native contacts (see Experimental Procedures). The figures were generated with Pymol (DeLano, 2002).
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A Multidomain Flexible Docking Approachfrequency than for proteins undergoing limited conformational
change (Ca-rmsd < 1.0 A˚). To further investigate this issue, we
considered a set of 268 proteins experiencing different levels
of conformational changes (0.3 A˚% Ca-rmsd% 19.5 A˚). These
were taken from the Docking Benchmark 4.0 (Hwang et al.,
2010), excluding multimers, antibody-antigen complexes and
proteins having less than 50 amino acids. For all single proteins,
eigenvalues from a Gaussian Network Model (GNM) (see Exper-
imental Procedures) (Haliloglu et al., 1997) were obtained from
the HingeProt web server (Emekli et al., 2008). They were
normalized and their cumulative sum (ranging from 0 to 1) was
calculated and plotted as a function of the number of modes.
This plot can be interpreted as the fraction of motion explained
by a given number of modes. Here we assumed that proteins
undergoing larger conformational changes have smaller GNM-
eigenvalues, corresponding to collective low frequency motions.
For these, the cumulative sum of the normalized GNM-eigen-
values should increase slower as a function of the number ofStructure 19,modes than for rigid cases, in agreement with the observations
of Dobbins et al. (2008) (Figure S1). To test this assumption,
we developed a simple predictor, which predicts proteins as
being rigid or flexible based on the fraction of motion explained
by a given number of modes (see Supplemental Experimental
Procedures). This classifier performs with the best accuracy
(65 ± 16%, cross-validated accuracy) on the set of 268 proteins
when a 2.6 A˚ rmsd cutoff is used to classify these proteins as
rigid and flexible and the cutoff for the fraction of motion
explained for the first 50 modes is taken as 0.08 (i.e., the cumu-
lative sum of the eigenvalues for the first 50 modes should
be <0.08 for the protein to be predicted as flexible). Our simple
predictor was able to classify the receptors of the FMD bench-
mark with 64% accuracy (with seven out of nine flexible cases
and one out of two rigid cases being correctly classified, see Fig-
ure 5). The cumulative sum of the normalized eigenvalues for
a given number of modesmay thus be deterministic in predicting
the range of the conformational change that could be expected.555–565, April 13, 2011 ª2011 Elsevier Ltd All rights reserved 561
Table 4. Cluster Statistics of Flexible Multidomain Docking
PDB ID
Quality /
Rank i-rmsd (A˚) l-rmsd (A˚) Fnat Fnonnat
1IRA + / 1 4.2 ± 0.4 8.0 ± 1.0 0.54 ± 0.03 0.64 ± 0.07
1H1V + / 2 4.8 ± 0.2 10.4 ± 1.2 0.50 ± 0.06 0.66 ± 0.06
1Y64 + / 1 4.8 ± 0.6 11.3 ± 1.0 0.44 ± 0.06 0.74 ± 0.03
1F6M + / 1 3.1 ± 0.3 9.2 ± 0.8 0.49 ± 0.08 0.64 ± 0.04
1FAK
+ / 2 3.7 ± 0.5 9.8 ± 4.5 0.48 ± 0.02 0.61 ± 0.05
+ / 1 4.2 ± 0.2 14.1 ± 1.4 0.49 ± 0.06 0.64 ± 0.07
1ZLI ++ / 1 2.2 ± 0.2 3.8 ± 0.4 0.77 ± 0.03 0.47 ± 0.02
1E4K + / 1 2.5 ± 0.2 5.9 ± 0.1 0.64 ± 0.05 0.46 ± 0.04
1IBR ++ / 1 2.7 ± 0.6 5.1 ± 1.1 0.67 ± 0.04 0.57 ± 0.03
1KKL ++ / 1 2.4 ± 0.2 5.4 ± 0.5 0.69 ± 0.05 0.56 ± 0.03
1NPE
++ / 2 2.2 ± 1.1 6.5 ± 4.7 0.82 ± 0.22 0.46 ± 0.06
+ / 1 6.1 ± 0.4 8.9 ± 1.0 0.73 ± 0.03 0.46 ± 0.05
1DFJ + / 1 3.2 ± 0.8 9.1 ± 0.8 0.59 ± 0.02 0.67 ± 0.02
The quality is expressed according to the CAPRI criteria (see Experi-
mental Procedures). The rank corresponds to the cluster ranking based
on the average HADDOCK score (1.0 Evdw + 0.2 Eelec + 1.0 Edesol) of
the top four members of a cluster. Rmsd and Fnat are values reported
as averages ± standard deviation calculated over the top four members
of a cluster.
Table 5. Number of Docking Models of Various Qualities for the
Various Stages of the Flexible Multidomain Docking Protocol
Quality (+ / ++ / +++)
PDB ID it0 it1 water
1IRA 27 / - / - 43 / - / - 44 / - / -
1H1V 50 / - / - 108 / - / - 116 / - / -
1Y64 - / - / - 1 / - / - 1 / - / -
1F6M 2096 / - / - 382 / - / - 382 / - / -
1FAK 151 / 3 / - 70 / 11 / - 71 / 12 / -
1ZLI 1496 / 3246 / - 5 / 395 / - 3 / 397 / -
1E4K 2569 / 1371 / - 87 / 212 / - 98 / 201 / -
1IBR 1287 / - / - 195 / 104 / - 196 / 103 / -
1KKL 521 / 1844 / - 323 / 77 / - 304 / 96 / -
1NPE 984 / 32 / 1 356 / 26 / - 353 / 30 / -
1DFJ 210 / - / - 96 / - / - 116 / 1 / -
1DFJ 210 / - / - 96 / - / - 116 / 1 / -
it0, Rigid multidomain docking; it1, semiflexible refinement in torsion
angle space; water, final explicit solvent refinement.
Fr
ac
tio
n 
of
 th
e T
o
ta
l M
ot
io
n 
Ex
pl
ai
ne
d
0.08
0.1
0.2
0.3
0.4
0.5
1IRA 1H1V 1Y64 1F6M 1FAK 1ZLI 1E4K 1IBR 1KKL 1NPE 1DFJ
19.5Å
13.9Å 10.3Å
7.3Å
3.8Å
2.9Å
2.9Å
2.6Å
1.8Å
1.5Å6.0Å
Figure 5. Fraction of Motion Explained by the First 50 GNM Modes
for the 11 Receptors of the FMD Benchmark
Gray bars indicate correctly classified; black bars indicate the misclassified
cases. The extent of the conformational change is indicated on top of each bar.
See also Figure S1 and Supplemental Experimental Procedures.
Structure
A Multidomain Flexible Docking ApproachThis could provide a mean to select an appropriate method to
deal with different types of expected conformational changes.
Conclusions
We have developed a new flexible multidomain docking protocol
that follows a ‘‘divide-and-conquer’’ approach to model large-
scale domain motions and small- to medium-scale rearrange-
ments within an interface at the same time. This represents
a major step in dealing with one of the major challenges and limi-
tations in the modeling of biomolecular complexes. Our analysis
has also identified indicators that might allow us to predict the
extent of the conformational changes and thus select the most
appropriate method to deal with them. This remains, however,
a challenging problem as a variety of approaches will still have
to be combined in order to properly describe simultaneously all
possible types of changes. The availability of some experimental
information will become crucial to drive the docking and/or for
validation of the resulting models as the complexity of the
problem increases. As a final remark we note that flexible multi-
domain docking as implemented in HADDOCK 2.1 is now also
accessible via the multibody docking interface of the HADDOCK
Web server (http://haddock.chem.uu.nl/services/HADDOCK/
haddock.php) (de Vries et al., 2010).
EXPERIMENTAL PROCEDURES
Determination of the Hinge Regions
The hinge prediction server HingeProt (http://www.prc.boun.edu.tr/appserv/
prc/hingeprot/)(Emekli et al., 2008) was used to define the hinge regions of
the flexible monomers. HingeProt annotates rigid parts and possible hinge
regions of the supplied protein based on two elastic network models: GNM
(Haliloglu et al., 1997) and Anisotropic Network Model (Atilgan et al., 2001).
In this work, two different outputs provided by the HingeProt server are
used: the predicted hinge regions and the eigenvalues obtained by the decom-
position of the connectivity (Kirchhoff) matrix (Haliloglu et al., 1997). The hinge562 Structure 19, 555–565, April 13, 2011 ª2011 Elsevier Ltd All righpredictions obtained from HingeProt are filtered in order to preserve the
secondary structure integrity. Insignificant and/or structurally unreliable
predictions are eliminated. The detailed procedure is described in the Results
section.
Docking Protocol of HADDOCK
Both two-body docking and FMD were performed with HADDOCK 2.1 (de
Vries et al., 2010; Dominguez et al., 2003; Karaca et al., 2010). The interface
information used to construct the AIRswas extracted from the crystal structure
of the complexes. We assumed to have an ideal definition of the interacting
surfaces in order to concentrate on our ability to deal with large conformational
changes. The AIR definitions are provided in Table S3. For the runs with bioin-
formatics predictions, we used CPORT (de Vries and Bonvin, 2011) (http://
haddock.chem.uu.nl/services/CPORT/). In the FMD runs, center-of-mass
restraints between the domains were turned on to ensure compactness of
the solutions. Center-of-mass restraints are defined as a distance restraint
between the geometric average positions of all Ca atomswithin eachmolecule.
The distance is automatically defined based on the dimension of themolecules
or domains. The number of structures was increased to 5000, 400, and 400 for
it0, it1, and water, respectively. Random removal of AIRs was turned off since
ideal restraints were used. Other parameters were left to their default values.
Scoring and clustering were performed according to standard HADDOCK
procedures (de Vries et al., 2007; Dominguez et al., 2003).ts reserved
Structure
A Multidomain Flexible Docking ApproachAssessment of the Structure Quality
The docking models were evaluated according to CAPRI criteria (Mendez
et al., 2003):
d Acceptable prediction (one star): i-rmsd % 4 A˚ or l-rmsd % 10 A˚ and
FnatR 0.1
d Good prediction (two stars): i-rmsd% 2 A˚ or l-rmsd% 5 A˚ and FnatR
0.3
d High-quality prediction (three stars): i-rmsd% 1 A˚ or l-rmsd% 1 A˚ and
natR 0.5.
i-rmsd refers to the interface rmsd, l-rmsd to the ligand rmsd, calculated
over the backbone atoms of the ligand (rigid component) after fitting on the
receptor, and Fnat to the fraction of native contacts. Next to Fnat we also
provided Fnonnat, which is the fraction of incorrectly predicted contacts
given the modeled complex. A cluster was considered of one-, two-, or
three-star quality if at least one of its top four members was of the correspond-
ing quality.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
one figure, and three tables and can be found with this article online at
doi:10.1016/j.str.2011.01.014.
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